Abstract Flowers and leaves of Lotus japonicus contain a-, b-, and c-hydroxynitrile glucoside (HNG) defense compounds, which are bioactivated by b-glucosidase enzymes (BGDs). The a-HNGs are referred to as cyanogenic glucosides because their hydrolysis upon tissue disruption leads to release of toxic hydrogen cyanide gas, which can deter herbivore feeding. BGD2 and BGD4 are HNG metabolizing BGD enzymes expressed in leaves. Only BGD2 is able to hydrolyse the a-HNGs. Loss of function mutants of BGD2 are acyanogenic in leaves but fully retain cyanogenesis in flowers pointing to the existence of an alternative cyanogenic BGD in flowers. This enzyme, named BGD3, is identified and characterized in this study. Whereas all floral tissues contain a-HNGs, only those tissues in which BGD3 is expressed, the keel and the enclosed reproductive organs, are cyanogenic. Biochemical analysis, active site architecture molecular modelling, and the observation that L. japonicus accessions lacking cyanogenic flowers contain a non-functional BGD3 gene, all support the key role of BGD3 in floral cyanogenesis. The nectar of L. japonicus flowers was also found to contain HNGs and additionally their diglycosides. The observed specialisation in HNG based defence in L. japonicus flowers is discussed in the context of balancing the attraction of pollinators with the protection of reproductive structures against herbivores.
Introduction
Plants use a range of different flower colours, shapes and odors to attract pollinators, which are rewarded with nectar as a primary source of nutrition (Heil 2011) . Some undesirable floral visitors feed on flower tissues or damage these tissues as they seek nectar or pollen without contributing to pollination (McCall and Irwin 2006; Irwin et al. 2010) . As with other plant tissues, flowers may also be eaten by generalist herbivores (McCall and Karban 2006) . Damaged flowers are less appealing to pollinators and they are visited less often, leading to lower reproductive success (Krupnick et al. 1999) .
Considering the essential role of flowers in reproduction and based on assumptions from 'optimal defense theory', significant resources would be expected to be allocated for their protection by defensive metabolites (Ohnmeiss and Baldwin 2000) . For example, the total concentration of glucosinolates are higher in petals than leaves of Raphanus sativas (Straus et al. 2004) ; cyclic hydroxamic acids are found in high amounts in the stamen compared to leaves of Acanthus mollis (Bravo and Copaja 2002) ; monoterpenoids are found in high levels in flowers of Thymus capitatus (Tawaha and Hudaib 2012) ; proanthocyanidins accumulate in flowers but not leaves of the model legume Lotus japonicus (Gruber et al. 2008 ) and in flowers of white clover (Foo et al. 2000) ; and the alkaloid galanthamine is highly biosynthesized by tissues from ovary walls and flower stalks of Leucojum aestivum (Eichhorn et al. 1998) .
Cyanogenic glucosides are a-hydroxynitrile glucoside (HNG) defense compounds derived from amino acids and are widely distributed in the plant kingdom from ferns to gymnosperms and angiosperms (Bak et al. 2006; Gleadow and Møller 2014) . The a-HNGs are converted to active defense compounds by the action of b-glucosidases (BGDs), which hydrolyze the O-linked glycosidic bond to release glucose and a-hydroxynitrile aglycone. The a-hydroxynitrile subsequently dissociates, either by the action of hydroxynitrile lyase enzymes, or spontaneously due to its inherent chemical instability, to release hydrogen cyanide and a ketone compound (Zagrobelny et al. 2004; Morant et al. 2008) . The a-HNGs and their activating BGDs form a spatially separated two-component defense system that is activated upon tissue disruption and mixing of the components, for example by herbivore feeding (Hughes et al. 1992; Gruhnert et al. 1994; Morant et al. 2008; Møller 2010) .
Over 3000 different plant species have been reported to contain a-HNGs, with most studies and surveys concentrating on foliar tissues (Harper et al. 1976; Conn 1981 ; Lewis and Zona 2000; Forslund et al. 2004; Miller et al. 2006; Blomstedt et al. 2012; Miller and Tuck 2013; Neilson et al. 2015) or the edible parts of food crops (Jones 1998; Nielsen et al. 2002; Jørgensen et al. 2005) . There are relatively few reports of the occurrence of a-HNGs in flower tissues but in Grevillea species, Linum usitatissimum (flax), L. japonicus, Ryparosa kurrangii (rainforest tree) and Eucalyptus camphora they accumulate in equivalent or higher levels than foliar tissues (Lamont 1994; Niedźwiedź-Siegień 1998; Forslund et al. 2004; Webber and Woodrow 2008; Neilson et al. 2011) . The investment of resources to biosynthesize a-HNG in these cases suggests they can be added to the various classes of secondary metabolites that have an important role in the defense of flowers (Neilson et al. 2013) .
L. japonicus biosynthesizes the a-HNGs lotaustralin and linamarin, as well as non-cyanogenic c-and bHNGs branching from the same pathway, named rhodiocyanoside A and rhodiocyanoside D, respectively (Forslund et al. 2004; Takos et al. 2011) . Two paralogous HNGs metabolising BGDs, BGD2 and BGD4, are expressed in the leaves of L. japonicus, but differ in their ability to hydrolyse a-HNGs (Takos et al. 2010; Lai et al. 2014) . A leaf-based genetic screen for cyanogenesis deficient (cyd) mutants identified several alleles of the cyd2 mutant, defective in the BGD2 gene, demonstrating its exclusive role in cyanogenesis in vegetative tissues (Takos et al. 2010) . Biochemical assays of recombinant expressed proteins confirmed that only BGD2 could hydrolyse the cyanogenic a-HNG lotaustralin, whereas both BGD2 and BGD4 could hydrolyse the non-cyanogenic c-HNG rhodiocyanoside A. Site-directed mutagenesis studies demonstrated that a single amino acid polymorphism in the aglycone binding region of the active site, specifically G211 in BGD2 and V211 in BGD4, was sufficient to explain the difference in substrate specificity between both enzymes for the aHNGs lotaustralin and linamarin (Lai et al. 2014) .
In this study we have identified and characterized an additional cyanogenic BGD from L. japonicus, BGD3, which is tissue specifically expressed in flowers. The fulllength sequence of the BGD3 gene is not present in the current draft version of the L. japonicus genome sequence (Sato et al. 2008 ; http://www.kazusa.or.jp/lotus) but was cloned by RACE PCR from cDNA using partial sequence information. The specific expression of BGD3 in flower tissue suggests that it plays a pivotal role in defense of flower structures to ensure reproductive success.
Materials and methods

Plant material
L. japonicus seeds for wild type MG20 and natural accessions were obtained from Legume Base at Miyazaki University, Japan (http://www.legumebase.brc.miyazaki-u. ac.jp/). L. japonicus cyd mutants have previously been described (Takos et al. 2010) . Seeds were germinated on wet filter paper, seedlings grown in the dark for 3-5 days, exposed to light for 1 day and then transferred to soil and grown in a glasshouse under a 16 h light cycle at 22°C. Nicotiana benthamiana seeds were directly sown on soil and plants grown in a glasshouse under conditions as above. Flax seeds (L. usitatissimum) were kindly provided by Steen Malmmose.
Chemicals
The substrates lotaustralin and rhodiocyanoside A were purified by preparative HPLC from L. japonicus MG20 leaf material (Bjarnholt et al. 2008) . Linamarin and amygdalin were purchased from Sigma-Aldrich. Prunasin was chemically synthesized in our own laboratory by Dr M.S. Motawia.
Detection of cyanogenesis with Feigl-Anger paper
Feigl-Anger paper (Feigl and Anger 1966) was prepared as described in Takos et al. (2010) . Plant tissue was ground in 300 ll of 20 mM MES buffer, pH 6.5 in 96 well plates and exposed to Feigl-Anger paper. After incubation for 30 min to 2 h at 25°C, the paper was removed and cyanogenesis scored by the development of blue colour. A permanent record was made by scanning the paper.
LC-MS analysis
Plant tissues (individual whole flowers, flower structures and leaves) were boiled in 85 % (v/v) MeOH (300 ll) in a water bath for 5 min and cooled on ice. The extracts were centrifuged at 18,0009g for 1 min, filtered through a 0.45 lm PVDF filter (Millipore) and diluted 20 times in Milli-Q water. LC-MS was performed using an Agilent 1100 Series LC (Agilent Technologies) coupled to a Bruker HCT-Ultra ion trap mass spectrometer (Bruker Daltonics). The LC-MS procedure was previously described (Takos et al. 2010) . Extracted ion chromatograms for specific [M ? Na] ? adduct ions, and their MS, MS 2 and retention times were used to identify the peaks. For absolute quantification of HNGs, quadratic calibration curves ranging from 0.4 to 100 lM of lotaustralin, rhodiocyanoside A and linamarin were used. The peak areas were normalized with internal standard amygdalin (190 lM).
RNA extraction, cDNA synthesis and cloning of the full-length BGD3 cDNA sequence For preparation of RNA from L. japonicus flowers, early stages flowers were dissected into two parts: internal tissues (keel and reproductive organs) and external tissues (standard and wing). Tissues (3 g) were immediately frozen in liquid nitrogen and RNA extracted using a CTAB based protocol (Gambino et al. 2008) . RNA was prepared from L. japonicus leaves (100 mg) using a Spectrum TM Plant Total RNA Kit (Sigma-Aldrich). Flower and leaf RNA was treated with RNAse-free DNaseI (QIAGEN) following the on-column digestion protocol of the Spectrum TM Plant Total RNA Kit. First-strand cDNA was synthesized from 1 to 2 lg of total RNA using SuperScript TM III reverse transcriptase (Invitrogen) primed with 2.5 lM oligo (dT) 20 .
The total RNA isolated from internal flower tissues (keel and reproductive organs) was used for 5 0 -and 3 0 -RACE PCR of the BGD3 cDNA using the FirstChoice RLM-RACE kit (Ambion). PCR reactions were performed with HotMaster TM Taq DNA polymerase (5 Prime GmbH). Sequences of the gene specific PCR primers for RACE are shown in Table S1 .
A full-length cDNA fragment encoding BGD3 was PCR amplified from the same cDNA used for 5 0 -RACE PCR using Phusion TM High-Fidelity DNA Polymerase (Finnzymes). The PCR product was cloned by Gateway Ò BP recombination reaction into the entry vector pDONR TM 207 (Invitrogen). Several clones were sequenced and the cDNA sequence encoding BGD3 was lodged at the NCBI GenBank Nucleotide database (http://www.ncbi.nlm.nih.gov/ genbank/) under the accession number JX982778. Sequences of the PCR primers, excluding attB1 and attB2 gateway cloning sites, are shown in Table S1 .
Quantitative real-time PCR
Gene transcript levels of BGD2, BGD4 and BGD3 were measured by Quantitative Real-Time PCR (RT-qPCR) on a Rotor-Gene Q instrument (QIAGEN). The gene encoding L. japonicus RNA polymerase II large subunit (GenBank accession AV777095) was used as a reference. The qPCR reactions (20 ll) contained 400 nM of each primer, 5 ll of cDNA (diluted 1:10 in water) and 19 DyNAmo TM Flash SYBR Ò Green qPCR mix (Finnzymes). Thermocycling conditions were: denaturation at 95°C for 7 min; amplification at 95°C for 15 s, 55°C for 30 s, 65°C for 30 s, and final extension at 65°C for 5 min. For each qPCR primer pair used, a single PCR product was obtained and its sequence verified. Normalized gene expression of target genes was obtained from the difference in cycle threshold of target genes and reference gene (RNA Pol II), taking into account primer efficiencies calculated from standard curves of diluted PCR product (Muller et al. 2002) . Sequences of the qPCR primers are shown in Table S1 .
Transient expression of BGDs in leaves of Nicotiana benthamiana plants
The BGD3 cDNA sequence was sub-cloned by Gateway Ò LR recombination reaction from pDONR TM 207 into the expression vector pJAM1502 (Luo et al. 2007) . Constructs for expression of BGD2 and BGD4 from this vector have previously been reported (Takos et al. 2010) . Overnight cultures of Agrobacterium tumefaciens (AGL1) containing the expression constructs for BGDs and the gene silencing inhibitor protein p19 (Voinnet et al. 2003) were grown and used for infiltration of N. benthamiana leaves essentially as previously described (Sparkes et al. 2006) . After 4 days leaf discs (1 cm) were cut from infiltrated tissue, ground in 20 mM MES buffer (300 ll), pH 6.5 containing 200 lM of specified HNGs. Cyanogenesis from hydrolysis of a-HNGs was detected with Feigl-Anger paper as described above. Hydrolysis of the non-cyanogenic c-HNG, rhodiocyanoside A, was measured by LC-MS by taking samples (25 ll) at the start and end of 30 min incubation.
Homology modelling of BGD3
Homology modelling and model quality validation of BGD2 and BGD4 using the crystal structure of the cyanogenic BGD from white clover (TrCBG) (Barrett et al. 1995) and the rice b-glucosidase OsBGlu12 (Sansenya et al. 2011 ) as a template has been performed as previously described using Modeller available at the Max Planck Institute for Developmental Biology (http://toolkit.tuebin gen.mpg.de/hhpred) (Lai et al. 2014 ). The BGD3 sequence was modelled using the same TrCBG template (70 % amino acid sequence identity to BGD3) and the model was validated similarly. Additionally, a model was generated from the same template using the Swiss-Model on the EXPASY server (http://swissmodel.expasy.org). Both modelling approaches generated good quality models with similar quality statistics based on the ProQ validation parameters (Cristobal et al. 2001 ). The models generated by modeller and using the SWISS-MODEL approach converged and overlayed with a root mean square deviation of 0.18 Å , which justified using the models to probe active site architecture.
Nectar sampling
Nectar samples were collected by pipetting of autoclaved Milli-Q water (50 ll) inside L. japonicus flowers and removing the water from the base of the flowers with the same tip, essentially as a previously described method for low nectar volumes (Morrant et al. 2009 ). Samples were then directly analyzed, without dilution, by LC-MS as described above. For extraction of neolinustatin, 4 g of flax seeds (L. usitatissimum) were ground to powder in liquid nitrogen and extracted in 8 ml of 85 % (v/v) MeOH as described above. A 50 ll aliquot of the extract was evaporated under vacuum and resuspended in 50 ll Milli-Q water. For the co-elution analysis, this flax seed extract aliquot was diluted 1:10 in the nectar sample, and also 1:10 in water to serve as a control sample containing the same amount of neolinustatin. Both samples were analyzed by LC-MS as described above.
Results
Genetic analysis of cyanogenesis from flowers
Biosynthetic and BGD cyd mutants previously obtained from the forward genetic screen of L. japonicus leaf tissue (Takos et al. 2010 ) were analyzed to determine if the same genes are required for cyanogenesis in flower tissues. To qualitatively assess cyanogenesis we used the HCN sensitive paper developed by Feigl and Anger (1966) . Cyanogenesis is detected from both apical leaves and mature flowers of wild type L. japonicus plants (accession MG20) (Fig. 1a) . The cyd2-2 mutant contains an intron splice site mutation that results in mis-splicing of the BGD2 gene transcript and no functional expression of the enzyme. While apical leaves of the cyd2-2 mutant are acyanogenic the mature flowers retained comparable cyanogenesis to wild type plants, indicating that a different cyanogenic BGD is present in flowers.
The cyd1 mutant contains a partial deletion of the CYP79D3 gene, encoding the cytochrome P450 that catalyzes the first committed step in the biosynthesis of both cyanogenic a-HNGs, lotaustralin and linamarin, and the non-cyanogenic c-and b-HNGs, rhodiocyanoside A and D (Takos et al. 2011) . Apical leaves and mature flowers of the cyd1 mutant are acyanogenic and all classes of HNGs were confirmed by LC-MS to be essentially absent in flowers, while the cyd2-2 mutant plants have unaltered levels of HNGs in flowers (Fig. 1b) . Therefore CYP79D3 is responsible for biosynthesis of HNGs in both leaves and flowers.
The cyd4 mutant contains an R366 to K366 change in the EXXR motif of the cytochrome P450 CYP736A2 that is specific for the biosynthesis of a-HNGs in leaf tissue (Takos et al. 2011) ; the motif is present in essentially all cytochrome P450s and is required for correct protein folding (Hasemann et al. 1995) . Apical leaves and mature flowers of cyd4 are less cyanogenic than wild type plants (Fig. 1a) and LC-MS analysis confirmed the specific reduction of cyanogenic a-HNGs (Fig. 1b) . Therefore CYP736A2 catalyses the second step in the pathway for biosynthesis of the majority of a-HNGs in both leaves and flowers. The remaining a-HNG biosynthesis may be attributed to an unidentified cytochrome P450 enzyme that is most active for catalysis of the second step of rhodiocyanoside biosynthesis (Takos et al. 2011; Saito et al. 2012) .
Developmental timing and tissue specificity of cyanogensis
The Feigl-Anger paper was used to assess the developmental timing and the spatial distribution of cyanogenesis in flowers. Hydrogen cyanide release is detected from early flowers and in mature flowers but not detected at the bud stage or from pods (Fig. 2a) . In mature flowers the keel and the enclosed reproductive organs are cyanogenic while the sepal, standard and wing structures are not (Fig. 2b) .
While not all flower tissues are cyanogenic, LC-MS analysis confirms that each of the flower tissues contains a similar profile of HNGs (Fig. 2c) . Similarly, while buds and pods are acyanogenic, they also contained HNGs (Fig. S1.) . The standard, keel and wing structures contain more than double the concentration of HNGs per mg fresh weight than apical leaf tissue, while the sepal and reproductive organs have quantities more similar to leaf tissues. The presence of a-HNGs in the acyanogenic tissues (the sepal, standard and wing), and at the acyanogenic developmental stages (buds and pods), indicates the absence or inhibition of a cyanogenic BGD activity in these tissues/ developemental stages.
Identification and cloning of a candidate flower-specific cyanogenic BGD
To identify candidate genes encoding the cyanogenic BGD in L. japonicus flowers, the BGD2 cDNA sequence was used for a BLASTN search of all clones and contigs in the KAZUSA Assembly 1.0 of the L. japonicus genome sequence.
Two overlapping DNA fragments, LjSGA_084211 and LjSGA_032385 were identified as encoding part of a BGD with a deduced amino acid sequence similar to BGD2. These fragments spanned the region encoding the substrate binding cavity and contained a glycine amino acid at the corresponding position to G211 of BGD2. This residue was previously shown to be critical for the acceptance of lotaustralin and linamarin as substrates by BGD2, which suggested the ability of this candidate gene to hydrolyse a-HNGs (Lai et al. 2014) .
The corresponding 5 0 and 3 0 cDNA ends of the LjSGA_032385.1 and LjSGA_084211.1 fragments were obtained by RACE PCR from RNA isolated from flowers. A full-length cDNA fragment was then amplified and cloned and the deduced 515 amino acid protein sequence obtained was called BGD3. An alignment of BGD3, 2 and 4 shows the high amino acid sequence identity across the full-length protein sequences (Fig. 3) . The G209 of BGD3 is at the equivalent position of the active site as the critical residue G211 in BGD2 and is indicated by a red box, in BGD4 this residue is V211. The conserved glutamic acids E206 and E420 (BGD3 numbering) which have respective roles as acid/base catalyst and nucleophile are indicated by red arrows (Withers et al. 1990; Wang et al. 1995) .
Quantitative real-time PCR analysis of BGD gene expression
The tissue-specific accumulation of BGD3 gene transcripts was determined by RT-qPCR. The BGD3 gene transcripts were detected in the internal cyanogenic flower tissues but not in the external non-cyanogenic tissues (Fig. 4a ) nor in leaves (Fig. 4b) . The association of BGD3 gene transcript accumulation with cyanogenic flower tissues (keel and reproductive organs) is consistent with a role as the flower specific cyanogenic BGD and the absence of these transcripts in the external flower tissues (standard and wing) would explain why these tissues are acyanogenic despite containing lotaustralin and linamarin (Fig. 2b and c) . Conversely, BGD2 gene transcripts were detected in leaves but not flowers and this is consistent with the observation that leaves of the cyd2-2 mutant are acyanogenic (Fig. 1a) . Transcripts of the BGD4 gene were detected in both flower tissues and leaves, and do not correlate with cyanogenesis, as is expected from the previously assigned role of BGD4 in catabolism of non-cyanogenic HNGs (Takos et al. 2010; Lai et al. 2014) .
Enzymatic activity of BGDs transiently expressed in tobacco plants
To determine if BGD3 could hydrolyse cyanogenic a-HNG and/or non-cyanogenic c-HNG substrates, the BGD3 enzyme was transiently expressed in N. benthamiana leaves by Agrobacterium infiltration. For comparative purposes the BGD2 and BGD4 enzymes were also transiently expressed. Leaf discs excised from transformed leaves were macerated and mixed with substrates and the hydrolysis of the cyanogenic a-HNGs was measured by Feigl-Anger paper, and of the non-cyanogenic c-HNG rhodiocyanoside A, it was measured by LC-MS.
Cyanogenesis was detected from each of the BGD expressing leaf discs when incubated with the exogenous substrate prunasin (Fig. 5a) . Prunasin, the a-HNG from almond, harbors a planar benzene ring molecular structure, which can be accommodated into the substrate binding pocket of the L. japonicus BGD isoforms (Lai et al. 2014 ) and so its hydrolysis by each of the BGDs indicates functional enzyme expression. Cyanogenesis was detected for both BGD3 and BGD2 expressing leaf discs when incubated with the endogenous a-HNGs lotaustralin and linamarin, but not for BGD4. Each of the BGDs were able to hydrolyse rhodiocyanoside A as indicated by the reduction to between 0 and 20 % of the starting level of substrate after 30 min of incubation with leaf discs (Fig. 5b) . Leaf discs expressing only the p19 protein did not hydrolyse the a-HNGs lotaustralin and Fig. 3 Amino acid alignment of BGD3, BGD2 and BGD4. The alignment was made using Molecular Evolutionary Genetics Analysis (MEGA) software version 6 (Tamura et al. 2013 ). The critical G209/ G211 residue for accomodating a-HNG substrates by BGD3 and BGD2 respectively is indicated by red box, this residue is V211 in BGD4. The conserved E206 and E420 residues (BGD3 numbering), which have roles as acid/base catalyst and nucleophile respectively, are indicated by red arrows Plant Mol Biol (2015) 89:21-34 27 linamarin or rhodiocyanoside A. From these results BGD3 is thus assigned as the cyanogenic BGD of L. japonicus flowers able to hydrolyse all endogenous HNGs.
Molecular modelling of substrate binding pockets of BGDs
The molecular modelling of BGD2 and BGD4, based upon crystal structures of the cyanogenic b-glucosidase from white clover (TrCBG) (Barrett et al. 1995 ) and the rice bglucosidase OsBGlu12 (Sansenya et al. 2011) , showed that the G211 residue in BGD2, compared to a valine residue in the equivalent position in BGD4, increases the space available in the substrate binding cavity to accommodate the a-HNG substrates lotaustralin and linamarin (Lai et al. 2014) . These have a bulkier three dimensional structure compared to prunasin or the c-HNG rhodiocyanoside A. In this study, a homology model of BGD3 was generated using the structure of the TrCBG as a template. The high sequence identity of BGD3 to both the template as well as to BGD2 and BGD4 from L. japonicus (Fig. 3 ) renders comparative modelling a viable tool to compare the active site architectures of these enzymes. The amino acid residues mediating the recognition of the glycone moiety common to the substrates of all three enzymes (substrate binding subsite -1) are strictly conserved. The conservation is also valid for the catalytic acid/base and nucleophile (E206 and E420 respectively), which is reflected by the excellent overlay of these residues in the models of BGD2, BGD3 and BGD4 (Fig. S2a) . The only large difference is observed at the position of G209 (BGD3 numbering) flanking the active site area above the glycone binding site, where a glycine is also present in the cyanogenic BGD2 enzyme, whereas a valine (V211) is present in the acyanogenic BGD4 at this position. The presence of a glycine at this position provides the necessary space for the binding of the relatively bulky a-HNG substrates in both BGD3 and BGD2, which have a similarly sized aglycone binding pocket in the generated homology models (data not shown). By contrast, the bulky side chain of V211 in BGD4 protrudes into the aglycone binding pocket narrowing the space available for substrates at this position, as observed by comparing the models of BGD3 and BGD4 ( Fig. S2b  and c) . These modelling results provide a structural rationale for observed specificity of BGD3 and highlight the structural role of the absence of a side chain of the G209 in BGD3 as an essential feature that governs the cyanogenic activity of this BGD enzyme.
Natural variation in cyanogenesis of L. japonicus flowers
Obtaining plants with loss of function mutations in the BGD3 gene would provide genetic verification that it is the cyanogenic BGD of flowers. We tested tissues from 29 natural accessions of L. japonicus for cyanogenesis using Feigl-Anger paper (Table S2 ) and identified three accessions that showed cyanogenesis in leaves but were acyanogenic in flowers: MG3, MG53 and MG76 (Fig. 6 ). All three accessions originate from the southern half of Honshu, the main island of Japan. LC-MS analysis confirmed that flowers and leaves of each of the three accessions contained a-HNGs (Fig. S3) , suggesting a flower specific defect in hydrolysis of HNGs. We amplified the full-length cDNA sequence of the BGD3 gene from each of these accessions and in each case a nucleotide deletion introduces a frameshift resulting in a premature stop codon at position 415 of the deduced amino acid sequence (AAC CCT CTA ATC to AAC CTC TAA TC). This stopcodon is just before the I/VTENG motif, which is highly conserved in all family 1 glycosyl hydrolases, as the glutamic acid residue (E420) acts as an attacking nucleophile in the reaction mechanism (Withers et al. 1990 ) and so this truncation of the protein would result in a loss of enzyme activity. These accessions therefore demonstrate genetically that BGD3 is the cyanogenic BGD of flowers.
Hydroxynitrile glucosides and diglycosides in flower nectar
Flowers attract insect pollinators by providing rewards such as nectar. Reports of the presence of defence metabolites in nectar include the occurrence of the cyanogenic diglucoside amygdalin in almonds (London-Shafir et al. 2003) . Nectar was washed from L. japonicus flowers with water and analyzed by LC-MS to determine if hydroxynitrile glucoside species were present. The a-, b-, and c-HNG species that are found in flowers (Fig. 1b) are also present in nectar (Fig. 7a) . In addition, specific to nectar, are two hydroxynitrile diglycoside (HNdG) species that were predicted to be diglycosides of the lotaustralin aglycone (peak 5, green, [M ? Na] ? = 446), and the rhodiocyanoside A/D aglycones (peak 3, brown, [M ? Na] ? = 444) based upon fragmentation patterns of MS2 spectra (Fig. S4) . All of these compounds are estimated to be present at less than 5 % of the quantity found in flower tissues (estimated from LC-MS traces from whole flowers), but their low levels makes precise quantitation difficult. Since flax seeds (L. usitatissimum) contain neolinustatin, the 6 0 -O-glucoside of lotaustralin (Smith et al. 1980) , nectar was spiked with flax seeds extract to determine if the Lotus HNdG species (peak 5) was neolinustatin. Neolinustatin has the same m/z and MS2 fragmentation as the L. japonicus HNdG species represented by peak 5 (Fig. S4 ), but the two compounds do not co-elute (Fig. 7a) . The retention time of neolinustatin was unaltered when flax seeds extract was analyzed separately. This suggests the L. japonicus HNdG of m/z 446 contains either different hexose units or a different glycosidic linkage between the two sugar moieties.
To assess the hydrolysis of the different HNG and HNdG compounds by BGDs, flowers were macerated in order to mix these two components and the time course hydrolysis of compounds was measured by LC-MS. Following 4 h incubation, the residual amounts of lotaustralin, rhodiocyanoside A and linamarin present correspond to 25, 40 and 70 % of the initial amounts respectively (Fig. 7b) . The two HNdG species were not significantly hydrolysed indicating there is not a BGD present in flowers that is active with these diglycosidic compounds. 
Discussion
Plants face a greater challenge in the defense of floral tissues than foliar tissues as they must balance the deterrence of florivores against the need to attract pollinators at the same time as more efficient defense of floral tissues is tightly linked to reproductive success Adler et al. 2012) . The a-HNGs are known to be present as part of the defense of foliar tissues in over 3000 plant species across the plant kingdom (Møller 2010; Gleadow and Møller 2014 ), yet there are few detailed studies of this defense in flowers. The higher level of HNGs accumulated in L. japonicus floral tissues compared to foliar tissues, suggests these compounds also have an important role in deterrence of florivory and is consistent with 'optimal defense theory' in allocating resources in accordance to the fitness value of plant tissues (Ohnmeiss and Baldwin 2000) . The cyanogenesis defense provides an ideal immediate response to florivores and primary nectar robbers. There are many other examples of high content of defense compounds in flowers, including such classes of metabolites as glucosinolates (Straus et al. 2004) , cyclic hydroxamic acids (Bravo and Copaja 2002) , terpenoids (Tawaha and Hudaib 2012) , flavonoids (Gruber et al. 2008) and alkaloids (Eichhorn et al. 1998) . While a meta-analysis of published and unpublished studies did not support the 'optimal defense theory' for defense of flowers by secondary metabolites (McCall and Fordyce 2010) , the survey results may be obscured by alternative defense strategies such as indirect defenses, mechanical defenses and inducible defenses and so must be evaluated carefully on a case by case basis ). The BGD3 enzyme responsible for hydrolysis of aHNGs and subsequent release of hydrogen cyanide from L. japonicus flowers identified in this study joins two other HNG hydrolysing BGDs which have been characterized in L. japonicus; (1) the leaf expressed BGD2 which can hydrolyse cyanogenic and non-cyanogenic HNGs, (2) the leaf and flower expressed BGD4 which can hydrolyse only non-cyanogenic c-and b-HNGs (Lai et al. 2014) . The presence of a flower specific cyanogenic BGD was suggested because cyd2-2 mutants, which have acyanogenic leaves due to loss of a functional BGD2 enzyme, retain cyanogenesis in flowers. The cloning of a full-length cDNA encoding a candidate flower specific BGD was based upon partial BGD gene sequences in the L. japonicus genome selected because they contained the critical glycine residue required for hydrolysis of a-HNGs by BGD2 (Lai et al. 2014) . Whereas all floral tissues contain HNGs only tissues which express BGD3 gene transcripts are cyanogenic. L. japonicus accessions with acyanogenic flowers contain a non-functional BGD3 gene due to an identical nucleotide deletion resulting in a frame-shift and early stop-codon. The identical nature of the mutation suggests a single origin of the mutated gene, although the geographical distance between the sites of collection, particularly for MG3 in relation to MG53 and MG76, is still considerable, as is their year of collection (Table S2) . Similar HNG hydrolysis systems therefore exist in L. japonicus flowers and leaves where BGD3 and BGD2 respectively have broader substrate specificity for, in addition to the c-and bHNGs, the a-HNGs for release of hydrogen cyanide from these tissues, whereas BGD4 is expressed in both tissue types and has restricted substrate specificity to c-and bHNGs.
It is intriguing that BGD3 is specifically expressed in the internal tissues of flowers (keel and reproductive organs) rather than the cyanogenic BGD2 having a continued expression throughout the plant. Given the common developmental lineage of petals and sepals with leaves, this suggests a selective advantage (Gutierrez-Cortines and Davies 2000). A possible explanation for the highly specialised spatial expression of two separate cyanogenic BGDs could be that a more general expression of a cyanogenic BGD, to include the large standard petal and the two wings, more easily results in the accidental release of hydrogen cyanide due to minor structural damage. As a consequence, legitimate pollinators may perceive such flowers as damaged, and this could reduce pollinator visits. Maintaining cyanogenic defences in the internal floral structures essential for reproduction could be a trade-off between attracting pollinators and deterring herbivores. The relative high expression of BGD4 in all tissues is remarkable. As was reported by Lai et al. (2014) , this gene is thought to have more recently evolved by substrate specialization for rhodiocyanosides finding its basis in a promiscuous activity of a progenitor cyanogenic b-glucosidase. High expression levels are suggested to compensate for weak promiscuous activities during the evolutionary emergence of alternative enzymatic functions (Khersonsky and Tawfik 2010) .
Nectar thieves, often ants, do not damage floral tissues but acquire nectar through the floral opening used by legitimate pollinators and thereby reduce visitation by pollinators or threaten incoming pollinators (Lach 2008; Ballantyne and Willmer 2012) . Ants may also secrete antibiotic substances that degrade pollen viability (Wagner 2000) . Nectar containing secondary metabolites, known as toxic nectar, has long been proposed to repell ants from flowers (Janzen 1977) , although this has been contested by several studies (Haber et al. 1981; Guerrant and Fiedler 1981) . The deterrence of ants has been extended to nectar robbers, for example the iridoid glycosides in nectar of Catalpa speciosa which deter the moth larvae Ceratomia catalpae (Stephenson 1982 ) and the alkaloids gelsimine and nicotine which deter the carpenter bee Xylocopa virginica in Gelsemium sempervirens and Nicotiana attenuate, respectively (Adler and Irwin 2005; Kessler et al. 2008) . The a-HNGs in L. japonicus nectar may also provide an effective defense against nectar thieves, as ants are deterred by caterpillar secretions containing cyanogenic compounds (Darling et al. 2001 ). Yet bees, the primary pollinator of Lotus flowers (Pellissier et al. 2013 ), can tolerate a-HNGs in the nectar of almond flowers, although they may show preferences for other nectar dependent upon competing nearby flowering plants ( London-Shafir et al. 2003) . It has been proposed that nectar secondary metabolites can indeed be utilized by bees to reduce pathogen infections . The presence of HNGs in nectar may also deter growth of microbes in situ, which can be introduced by the pollinating bees, to the sugar rich environment (Aizenberg-Gershtein et al. 2013) . In this context the presence of rhodiocyanoside A and its proposed conversion to a toxic furanone compound (Saito et al. 2012 ) may be important in reducing fungal growth.
Two HNdG species with MS2 fragmentation patterns corresponding to the glycosylated form of rhodiocyanoside A/D and lotaustralin were detected in nectar. None of the compounds are structurally identical to neolinustatin found in flax seeds (Smith et al. 1980 ). The biological significance of HNdG species in nectar is unclear and their presence has only previously been reported for the aHNdG amygdalin in almond nectar (London-Shafir et al. 2003) . Several HNdG species, have also been found in the flowers of Eucalyptus, although it is unknown if these are present in nectar (Neilson et al. 2011) . Vicianin Hydrolase Plant Mol Biol (2015) 89:21-34 31 gene transcripts, encoding a cyanogenic BGD not closely related to the Lotus enzymes that hydrolyses the HNdG vicianin, have been detected in flowers of Vicia angustifolia, but the presence of vicianin in nectar was not reported, (Ahn et al. 2007 ). The HNdG linustatin has been reported in Hevea brasiliensis and proposed to serves as a transport form for a-HNGs enabling their mobilization from endosperm to seedlings where they are metabolized to non-cyanogenic compounds to liberate reduced nitrogen to support seedling growth (Selmar et al. 1988 ). In the case of L. japonicus floral nectar it is unlikely the HNdGs are simply a means of transport from producing cells to the nectar as HNG species found in nectar do not seem to arise from the HNdG species, which were very stable in the hydrolysis assay. This transport system would also not be in accordance with the loading of nectar observed in other Fabaceae plant species, which collapse cells, releasing their contents through the pores of guard cells (Horner et al. 2003) . Possibly the HNdG species represent a more stable chemical defense against florivores, nectar thieves or even microorgamisms than the HNG species, but this would require a BGD in these organisms to bioactivate the compounds as our study indicates that there is no BGD capable of hydrolysing the HNdGs in L. japonicus flowers. Genetic tools such as mutant lines, combined with field work can provide a sophisticated approach to study the ecological challenges plants face to attract pollinators whilst deterring florivores (Kessler and Baldwin 2011) , and for this L. japonicus is an ideal system to experimentally address some of issues raised above. For example are secondary metabolites in nectar present for a number of different reasons (Møller 2010) or as a deterrance of ants? The broad spectrum of hydrogen cyanide toxicity against most organisms would suggest a-HNGs represent a constitutive and an immediate defense against florivores, nectar robbers and thieves. This may incur resource costs (e.g. metabolic energy) and ecological costs (e.g. deterrence of mutualists), which are a trade-off to defense (Neilson et al. 2013) . The genetic resources of L. japonicus, which include natural accessions with loss-of-function of BGD3, loss-of-function mutants of BGD2 and BGD4 (Lai et al. 2014) , and cyd mutants that are deficient in HNG biosynthesis (Takos et al. 2010 (Takos et al. , 2011 can be used to assess the contribution of each of the HNG species and their bioactivating BGDs to defense. The costs of this defense in flowers can thus be determined.
